What is cohesion fatigue? Cohesion fatigue is the asynchronous separation of chromatids in cells that are arrested or delayed at metaphase. In normal anaphase, synchronous chromatid separation is followed by cytokinesis and mitotic exit. In contrast, after cohesion fatigue, cells usually remain locked in mitosis for some time after chromatids separate. Cohesion fatigue requires the mechanical forces generated by the sister kinetochores pulling in opposite directions on the mitotic spindle microtubules, and any naturally occurring or experimentally induced metaphase delay will lead to cohesion fatigue as long as spindle function is preserved. Cohesion fatigue is not observed in cells arrested in mitosis with microtubule poisons because the outward pulling forces are lost. The beginnings of cohesion fatigue can be detected after only 1-2 hours of metaphase, but complete chromatid separation usually takes longer. Cohesion fatigue initiates with separation of the centromeric regions of the chromosome and then spreads outward along the chromosome arms.
How does normal chromatid separation in anaphase differ from cohesion fatigue? Sister chromatids are held together by a multisubunit protein complex called cohesin. During mitosis in higher eukaryotes, cohesin is removed from chromosomes in two stages. First, during early mitosis in what is called the 'prophase pathway', the mitotic kinases Plk1 and Aurora B and the Wapl protein induce the release of a portion of chromosome arm cohesin. Some cohesin on the chromosome arms and larger amounts at the centromeres are retained until the metaphaseanaphase transition. Then, during anaphase, a cohesin-specific protease called separase rapidly severs one of the components of the chromosome-associated cohesin, resulting in synchronous separation of the chromatids. Chromatid separation due to cohesion fatigue does not appear to require significant activity of the prophase pathway or separase. However, partial activation of these pathways will accelerate chromatid separation in metaphase-delayed cells. Similarly, increasing the level of cohesin on chromosomes will delay cohesion fatigue.
How do spindle pulling forces breach the cohesin complex during cohesion fatigue? This is an important but currently unanswered question in the field. Intriguingly, it appears that the major subunits of the cohesin ring, Smc1, Smc3, and Rad21, remain associated with the separated chromatids produced during cohesion fatigue. From this result, several models are possible. Perhaps the simplest model is that spindle pulling forces simply rupture the cohesin complex without displacing it from the chromatids. Alternatively, in a Maxwell's demonlike manner, sustained spindle pulling forces may exploit transient openings of the cohesin ring formed due to equilibrium dynamics or 'breathing' of the cohesin subunits. Another possibility is that enzymatic changes in cohesin subunits or regulators take place over time during metaphase arrest. Indeed, acetylation of the cohesin subunit Smc3 is important in establishing the interchromatid cohesion after DNA replication. It is therefore possible that deacetylase activities participate in promoting cohesion fatigue during metaphase arrest. Ultimately, it is likely that multiple mechanisms contribute to cohesion fatigue in cases of sustained metaphase.
Is cohesion fatigue a rare event?
In a population of normal dividing cells, spontaneous mitotic defects are relatively rare, but can be substantially increased by oncogenic transformation, by environmental stress, or through experimental manipulation. Among mitotic defects, cohesion fatigue may be common, but likely often goes unrecognized since its detection requires tracking chromosome behavior over time. The end-point phenotype of a cell that suffers cohesion fatigue is a mitotic spindle with two or more separated chromatids. In many cells, particularly in hyperdiploid transformed cells, it is often difficult to distinguish separated chromatids from whole chromosomes by standard fluorescence techniques. Also, commonly used chromosomespreading techniques do not preserve the history of a cell. Therefore, unless a video record is collected, the data that a cell progressed through an intermediate stage of metaphase delay into cohesion fatigue is lost. Use of an end-point analysis such as fixed cell immunofluorescence or chromosome spreads can lead to misinterpretation of cohesion fatigue as failed chromosome alignment or defective cohesion. Thus, many published studies that have reported such defects may require reevaluation for signs of cohesion fatigue.
What happens to separated chromatids produced during cohesion fatigue? Just after they separate, the single chromatids generated by cohesion fatigue move to the pole they are facing. After that, their fate is variable. Some chromatids appear to wander from pole to pole. Others remain associated with one pole. Some even appear to achieve a degree of alignment at the metaphase plate, likely due to the fact that single kinetochores on individual chromatids often achieve microtubule attachments to both poles, a situation termed merotelic attachment (Figure 1 ). Chromatid separation also reactivates a cell-cycle checkpoint called the spindle checkpoint. The spindle checkpoint blocks mitotic exit and anaphase onset in cells with unaligned chromosomes. Thus, fatigue and chromatid separation in one chromosome may contribute to further checkpoint-mediated metaphase delay that can enhance cohesion fatigue in other chromosomes. In some cell types the checkpoint arrest is eventually overcome, and the cells undergo an abnormal anaphase followed by cytokinesis and mitotic exit. In other cells the checkpoint arrest persists until the cells die through apoptosis. Does cohesion fatigue affect the mitotic spindle? During an extended delay at metaphase prior to chromatid separation, centrosome fragmentation sometimes occurs, leading to the formation of cells containing multipolar spindles. These multipolar cells can then undergo chromatid separation due to cohesion fatigue. In cells with spindles that remain bipolar, chromatid separation due to cohesion fatigue is followed by lengthening of the spindles. In a large percentage of cells that have undergone cohesion fatigue and spindle lengthening, the spindles begin to rotate. Once they start, the spindles often rotate continuously for hours. We don't understand the mechanism.
Is cohesion fatigue important for chromosome instability in cancer? Chromosome instability is a process that leads to gains or losses of whole chromosomes and to translocations of large segments of chromosome arms from one chromosome to another. Chromosome instability is a common feature in cancer and is tied to oncogene activation and loss of tumor suppressors. Cohesion fatigue may contribute to both numerical and structural chromosome abnormalities in cancer. In mitotic divisions where cohesion fatigue causes massive imbalances in chromosome segregation, the daughter cells formed would likely be unviable. Perhaps a more perilous outcome is where a short metaphase delay allows chromatid separation of only one or a few chromosomes. Merotelic attachments such as the ones formed by separated chromatids after cohesion fatigue can produce chromatin bridges during anaphase. Breaking of these bridges generates chromosome fragments that can fuse to other chromosomes, typical of the translocations common in many tumors. If the fused chromosomes contain multiple centromeres, dicentric chromosomes are formed that can undergo further cycles of bridging, breakage and fusion.
Does cohesion fatigue contribute to birth defects and infertility?
We don't know for certain, but there are good reasons why it might. The most common cause of serious birth defects and miscarriage in humans is aneuploidy, abnormalities in chromosome number. Chromosome segregation errors can occur in either of the two stages of meiosis, meiosis I, the segregation of homologous chromosomes, or meiosis II, the segregation of sister chromatids. Whereas chromosome alignment and segregation in mitosis takes place in less than an hour, the same events in the two meiotic divisions require many hours, subjecting chromosomes to more extended periods of bipolar tension and thus to more opportunity for cohesion fatigue. The regulation of the cohesin complex in meiosis is also distinct and possibly more sensitive to cohesion fatigue. By the time cells reach metaphase of meiosis I, the homologous chromosomes are held together only by interchromatid cohesin located on the chromosome arms distal to the chiasmata (the sites of interhomolog recombination). When chiasmata form close to the telomeres, homologs can separate prematurely, perhaps due to the limited amount of cohesin available to resist spindle pulling forces. Another cohesion defect may also contribute to problems during the first meiotic division. During meiosis I, the two kinetochores of sister chromatids normally remain firmly side-by-side and move to the same pole in anaphase. If kinetochores of sister chromatids improperly attach to opposite poles in meiosis I, cohesion fatigue might allow their premature separation and improper segregation. Finally, in humans and other mammals, oocytes are released from the ovary and travel During cell division the chromosomes, consisting of duplicated sister chromatids, align at metaphase on the mitotic spindle equator through attachment of the kinetochores (red ovals) to the mitotic spindle microtubules (black lines). In normal mitosis (upper pathway), metaphase is transient and rapidly followed by anaphase, which results in the synchronous separation of sister chromatids and their movement to the poles. Cytokinesis (depicted by furrows in the plasma membrane) cleaves the cell to form the two daughter cells, and the cells exit mitosis. In cells that delay at metaphase (lower pathway) cohesion fatigue occurs. Initially spindle pulling forces cause the sister kinetochores to separate while the chromatid arms remain attached. With time many sister chromatids separate completely. Because cells that undergo cohesion fatigue remain in mitosis, the spindle persists and the kinetochores of the separated chromatids continue to bind and move on the spindle microtubules. Some single kinetochores can become attached to microtubules from both spindle poles (merotelic attachment). Some cells eventually escape the mitotic arrest and undergo a delayed, abnormal anaphase.
into the fallopian tubes arrested in metaphase of meiosis II. Where can I find out more?
